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A free-drifting mimic of vertically migrating zooplankton

Alex De Robertis and Mark D.Ohman
Marine Life Research Group, Scripps Institution of Oceanography, La Jolla,
CA 92093-0227, USA

Abstract. Many zooplankton species perform diel vertical migrations (DVM) which, in conjunction
with vertical current shear, complicate the use of conventional fixed-depth drifters to account for
advection. Here we illustrate the first use of an autonomous Vertically Migrating Drifter (VMD) to
mimic DVM behavior. The vehicle resides within different subsurface layers at different times of day
through either active hover cycles or passive drifts. It moves vertically between these layers at speeds
comparable to those recorded for migratory populations. In this mode, it can be utilized as a tool to
estimate the advection of migratory zooplankton in regions of high vertical current shear and can be
employed as a Lagrangian tracer when attempting to sample the same population repeatedly over
time.

Introduction

Many demographic methods in zooplankton studies require repeated sampling
of the same population over time (Aksnes et al., 1997). However, advection can
result in changes in abundance and age structure when zooplankton are sampled
at fixed geographical locations. If the influence of advection is not accounted for,
such changes can be attributed erroneously to biological processes. One solution
to this problem is to sample in a Lagrangian reference frame, following the water
parcel containing the population of interest over time. This approach was first
employed by Cushing and Tungate (1963), who followed a mesoscale patch of
Calanus finmarchicus for over 2 months in the North Sea. The patch was tracked
by following the center of abundance as estimated by net tows. More recently,
plankton assemblages have been followed by marking a water parcel with an inert
tracer (e.g. Martin et al., 1994). Although effective, these methods have the draw-
back that they are time consuming and ship intensive. Another approach is to
sample around drifters drogued to follow near-surface flow (Heron, 1972; Fernán-
dez de Puelles et al., 1996; Ohman et al., 1998). This method assumes that the
advection of the drifter is representative of the displacement experienced by the
population of interest.

In the case of many zooplankton species, diel vertical migration (DVM) behav-
ior complicates the use of drifters to estimate the advection of a population. As
first noted by Hardy and Gunther (1935), when zooplankton migrate vertically in
regions with strong vertical current shear, their horizontal displacement varies
according to the depths occupied. Vertical migration has been proposed as a
mechanism reducing advective loss of zooplankton from favorable habitats
because of the expectation that occupying deeper depths exposes plankters to
lower current velocities or to shallow and deep flows moving in opposite directions
(Wroblewski, 1982; Eiane et al., 1998). Vertically sheared horizontal currents are
a common feature in the ocean, and the interaction between vertical migration and

Journal of Plankton Research Vol.21 no.10 pp.1865–1875, 1999

1865© Oxford University Press 1999



sheared currents is an important concern when trying to account for the advection
of a migratory population.

To follow a migrating population effectively in regions of high vertical current
shear, a drifter must oscillate between two subsurface depth strata and move
between these layers at speeds similar to those of migrating zooplankters. To
date, this approach has only been attempted once. Miller (1969) used a parachute
drogue that was raised and lowered by a winch in order to follow flow consecu-
tively at 10 and 100 m. Sequential plankton samples taken while following the
drogue for 52 h showed as much variability as control samples taken at a fixed
station the following day. However, this drogue may not have been an accurate
zooplankton mimic, as there was uncertainty as to when the parachute was moved
and the 100 m daytime drogue depth was shallower than the daytime abundance
maximum of the more abundant species.

In recent years, there have been advances in subsurface autonomous drifters
that could be employed to mimic the vertical migrations of zooplankton. Expend-
able neutrally buoyant subsurface drifters, first developed by Swallow (1955),
have been employed extensively by physical oceanographers to measure subsur-
face currents over extended periods (reviewed in Davis, 1991). An improvement
on this type of drifter, the ALACE (Davis et al., 1992), changes its buoyancy to
cycle between a density surface to which it has been ballasted and the sea surface
where it can transmit to ARGOS satellites. ARGOS telemetry eliminates the
need for the acoustic sound sources or listening stations used to track previous
generations of subsurface drifters. Autonomous vehicles such as the Cartesian
diver (Duda et al., 1988), which uses active buoyancy control, and the SLOCUM
glider (Simonetti, 1998), which is driven by a thermal engine, have been used to
make repeated vertical profiles of physical properties. Several other instruments
exist or are under development. These types of technologies have not yet been
exploited by zooplankton ecologists as subsurface Lagrangian platforms for
biological measurements, or used to account for the advection of vertically
migrating planktonic populations.

Here we report on the use of an autonomous vehicle, which we designate a
Vertically Migrating Drifter (VMD), to mimic the DVM of zooplankton and act
as a Lagrangian tracer of populations of migratory zooplankton. We illustrate its
utility in deployments in the Southern California Bight and in Saanich Inlet,
British Columbia, the latter environment being dominated by vertically migrat-
ing euphausiids.

Method

Instrument

The VMD is a programmable, free-drifting autonomous vehicle manufactured by
Ocean Sensors (San Diego, CA). Buoyancy of the VMD (Figure 1) is controlled
by compressing a 250 cm3 airspace with a piston that is driven by an electric
motor. It was originally designed for repeated free-fall profiling of temperature,
pressure and conductivity (McCoy, 1994). An onboard GPS receiver acquires the
instrument’s position when at the sea surface, which is relayed to a shipboard PC
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via a VHF radio link. We equipped the VMD with a strobe light and radio beacon
to facilitate recovery. The system is currently powered by 10 alkaline D cells. The
instrument is 1.3 m long and weighs 11 kg in air. Battery voltage, GPS positions,
as well as temperature, pressure and conductivity data from the sensors, are
logged internally and can be uploaded remotely via the VHF link or a direct serial
connection.

Deployments

We conducted a series of deployments in Saanich Inlet and the Southern Cali-
fornia Bight to assess the VMD’s ability to serve as a mimic of vertically migrat-
ing zooplankton. To fulfill this role, the instrument must reside within two
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Fig. 1. (A) Schematic illustration of the VMD with the piston retracted, which makes the vehicle nega-
tively buoyant. The location of key components is indicated. BP, buoyancy piston; VHF, radio trans-
mitter; CTD, conductivity, temperature, pressure sensors; ST, recovery strobe; RF, radio beacon. 
(B) Diagram illustrating the piston in the extended position, which results in positive buoyancy.



different subsurface layers at different times of day and move between them at
speeds comparable to those of migratory zooplankton populations. Another
important criterion is that the instrument be flexible enough to modify deploy-
ment depths in the field, in order to exploit information about the depth distri-
bution of the target species in situ. In the case of the deployments in Saanich Inlet,
we used echo amplitudes from a 307 kHz Acoustic Doppler Current Profiler
(ADCP) as a proxy for zooplankton biomass (Flagg and Smith, 1989) to guide
the selection of VMD deployment depths. Concurrent zooplankton sampling
with vertically stratified nets confirmed the historical expectation (Bary et al.,
1962) that the observed acoustic scattering layers were dominated by dense
aggregations of the euphausiid Euphausia pacifica. Deployments in the Southern
California Bight were made at pre-selected depths above and below the thermo-
cline.

We employed two approaches to maintain the VMD within a given layer: (i)
active ‘hovering’ by the use of frequent buoyancy compensations; (ii) passive
‘drifting’ by ballasting the instrument to neutral buoyancy at a desired density
surface. In the hover mode, the instrument is programmed to oscillate around a
selected pressure. The VMD records pressure, conductivity and temperature at
programmable intervals. We program it to respond to pressure readings taken
every few seconds with small displacements of the buoyancy piston. Owing to
limitations in the complexity of programming logic for the instrument used here,
the piston displacement is independent of the VMD’s velocity. To demonstrate
that the VMD can hover in response to readings from its other sensors, we have
also programmed the VMD to oscillate around an isotherm in response to
temperature readings.

In the drift mode, the instrument is ballasted to be neutrally buoyant at a
desired density surface. For this deployment mode, we have assumed that the
VMD has the same compressibility as sea water and that there is negligible
thermal expansion. Ballasting is accomplished in an acrylic test tank filled with
sea water of the target density. Lead ballast is incrementally added to the VMD
with the piston fully retracted until the instrument sinks. This method allows
ballasting to ~0.5 g, which can be accomplished at sea in calm weather. The
ballasting is typically confirmed by a short (~1 h) deployment in which the piston
is retracted and the instrument is allowed to sink to its equilibrium density.

To drift at a lower density (i.e. shallower depth) during the same deployment,
we have developed the following protocol for ‘double drifts’. After drifting at the
deep depth with the piston fully retracted, the piston is fully extended and the
VMD returns to the surface to acquire a GPS position and telemeter its position.
Then the piston is retracted slightly, followed by a pressure check after a 30 s wait.
This process continues iteratively until the pressure is less than a subsurface value
(typically 0.5 m), at which point it sinks passively until it becomes neutrally
buoyant.

We also added variable diameter drag collars to the VMD to approximate the
asymmetrical ascent and descent velocities that have been documented in situ for
vertically migrating zooplankton. The peak ascent and descent velocities of scat-
tering layers dominated by euphausiids in the Southern California Bight have
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been measured to be 5–8 and 3–4 cm s–1, respectively (Smith et al., 1989). We
added nearly neutrally buoyant low-density polyethylene plastic drag collars (34,
45 and 75 cm diameter) to the VMD to increase drag. The VMD reaches termi-
nal velocity in <<10 m; hence, we computed terminal velocity from the last 40 m
of 50 m dives. The 34 cm drag collar was used in the hover and drift deployments
presented in this paper.

The VMD is programmed to rise to the surface when a selected time period
has elapsed, but will abort a dive sequence at a maximum depth or minimum
battery voltage. When at the surface, it acquires a GPS position which is trans-
mitted via VHF as well as stored in internal memory, then sinks and continues its
program.

Results

The active hover mode, entailing continuous piston adjustments, results in sinu-
soidal oscillations around the selected depth. A series of four sequential hover
cycles conducted in Saanich Inlet reveals that these oscillations are reproducible
(Figure 2A). Vertical velocities and physical properties such as temperature also
exhibit highly repeatable oscillations (Figure 2B). Figure 3 illustrates a deploy-
ment in the Southern California Bight in which the VMD was programmed to
cycle through two realizations of a deployment intended to mimic migrating
zooplankton using two hover depths. Because of ship time constraints, the dura-
tion of the deployment was compressed to <4 h rather than the 48 h required for
zooplankters to accomplish two diel migrations and the deployment was
restricted to the upper 100 m. However, the deployment demonstrates the
VMD’s ability to maintain two distinct depths in the active hover mode, and
lengthening the deployments or modifying selected pressures requires only modi-
fying program variables. In this instance, the intended pressures were 20 and 80
dbar, and the mean observed pressures were 20.6 and 81.4 dbar in the hover
cycles. The amplitude of the oscillations was usually ~9 dbar, although this can
be increased or decreased by modifying the frequency of piston adjustments in
the control program. Programming the VMD to hover in response to tempera-
ture readings resulted in similar oscillations around an isotherm (data not shown).

In deep drift mode with the piston fully retracted, the VMD sinks until it
becomes neutrally buoyant in the water column and follows the isopycnal to
which it is ballasted. Figure 4A depicts a VMD deployment in which the VMD
was ballasted to follow the density surface corresponding to the position of the
recurrent daytime euphausiid scattering layer visible in the ADCP contours at
~80–100 m. (Acoustic backscatter intensity was negligible below ~130 m because
bottom waters were anoxic.) Figure 4B illustrates the ‘shallow drift’ method, used
to simulate the night-time position of the scattering layer. In this deployment,
neutral buoyancy is achieved at a near-surface isopycnal by means of small piston
movements coupled with pressure checks. Note that this method does not require
exact ballasting, and can be combined with the deployment depicted in Figure
4A. We attribute the small vertical displacements of the VMD to the influence of
internal waves.
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The addition of a drag collar to the VMD decreases terminal fall velocity
(Figure 5A). Use of the 75 cm collar results in asymmetrical ascent/descent veloc-
ities of 7.3 and 4.6 cm s–1, respectively. The asymmetry in these velocities is
controlled by the amount of ballast used. These velocities approximate field
measurements of the migration velocities of acoustic scattering layers inferred to
be dominated by euphausiids (Figure 5B; from Smith et al., 1989).
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Fig. 2. (A) Pressure record illustrating four sequential hover cycles centered at 80 dbar. The VMD
was programmed to acquire and transmit a GPS position to a shipboard computer after completing
each hover cycle. (B) Representative temperature and fall velocity data from the first 2.5 h of a hover
cycle [11.1 to 13.6 h from (A)]. Data are sampled every 12.8 s (a variable selected by the user). Note
that positive fall velocities imply that the instrument was sinking.



Discussion

We have demonstrated the use of an autonomous migratory vehicle to mimic
zooplankton behavior in both ascent/descent characteristics and periodic oscil-
lations between two depth strata, while simultaneously recording characteristics
of the environment. The depths occupied, and amplitudes of variation around the
mean depths, are quite reproducible in successive migration cycles. In situ infor-
mation about the depth distribution of the species under study can be used to plan
VMD deployments.

The drift mode is preferable to the hover mode in terms of the duration of the
deployment that is possible. The hover mode has the advantage that it is not
dependent on water column stratification, and does not require careful ballast-
ing. The degree of water column stratification at the target depths is an import-
ant consideration in the selection of deployment mode, as the drift mode relies
on relatively well-developed vertical density gradients to maintain a desired
depth. For example, in an area with a mixed surface layer and a stratified deeper
layer, a shallow hover cycle combined with a deeper drift cycle would be appro-
priate to mimic migrating zooplankton.

The hover mode is more energy intensive than the drift mode due to the
frequent piston excursions. The current version of the VMD has a battery life of
~2 days while hovering, and ~14 days while drifting, when allowing for sufficient
reserves to power recovery systems for an additional 24 h. Deployments could be
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Fig. 3. Pressure record resulting from sequential hover cycles centered at pressures of 20 and 80 dbar
illustrating the VMD’s ability to mimic zooplankton behavior by executing two sequential hover
cycles within a single deployment.
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Fig. 4. Deployments using the drift mode intended to mimic the position of acoustic scattering layers
dominated by the euphausiid Euphausia pacifica in Saanich Inlet. The vertical position of scattering
layers is indicated by contours of ADCP backscatter intensity. VMD and ADCP records are not
concurrent; the ADCP record was made 5 days previously. The vertical structure did not change
appreciably over this time, and this record was selected because it was the longest continuous record
at the deployment site. (A) Deployment intended to mimic the daytime position of euphausiid scat-
tering layers in Saanich Inlet. The pressure record results from ballasting the VMD to a density
surface, driving the piston completely in, and allowing the vehicle to drift passively for 12 h. Appar-
ent shoaling of the scattering layers at ~7 and 9.5 h into the VMD record are due to movement of the
ship. (B) Deployment intended to mimic the night-time position of euphausiid scattering layers. The
pressure record results from a program in which the piston was moved in 2 s increments, followed by
a pressure check. This process was repeated until the VMD was deeper than 0.8 m, at which point the
instrument was allowed to drift without any further piston adjustments. Note the expanded vertical
scale in (B) to improve the resolution of near-surface features.

Fig. 5 (A) Terminal velocity of the VMD during descent and ascent as a function of the diameter of
the instrument + drag collar (for 11.4, 34, 45 and 75 cm drag collars, n = 4, 2, 2 and 1, respectively).
(B) ADCP (307 kHz) observations of euphausiid-dominated scattering layers during descent and
ascent along a transect in the Southern California Bight (modified from Smith et al., 1989). Mean
ascent and descent velocities are indicated. Shaded contours indicate high acoustic scattering (>1 SD
above the mean intensity in the record).



extended by adding batteries, switching to batteries with a higher energy density
or by alternating the deployment and recovery of two VMDs to allow battery
replacement. A new version of the VMD allows the programming logic required
to dampen the hover oscillations iteratively (K.McCoy, personal communi-
cation). This approach draws from the strengths of both the drift and hover
modes; as no ballasting is required, deployments do not rely on water column
stratification and energy demands are low.

In the present instrument, VHF telemetry of GPS positions was selected as the
primary communications system because it incorporates the added flexibility of
two-way communications. This permits instrument reprogramming and data
telemetry to/from a research vessel while the VMD is at the surface. The VHF
radio communications currently have a range of ~2.8 km, the RF beacon ~2 km
and the strobe is visible for ~5 km at night. These ranges are substantially shorter
than those advertised by the manufacturers and we attribute the discrepancy to
the low freeboard of the VMD. Although we have successfully employed dead
reckoning using information from a shipboard ADCP to estimate the drift of the
VMD, a longer range communications system is desirable for routine operations.
ARGOS is a proven system for drifter localization (Davis et al., 1992), but would
require prohibitively long intervals at the sea surface for reliable positioning. An
alternative is to transmit GPS fixes via a cellular modem (Potter et al., 1998), a
prospect that has become increasingly attractive with the advent of global satel-
lite-based telephone networks. If surface communications are unnecessary, the
VMD could be equipped with a commercially available transponder system and
tracked acoustically.

The VMD is a new tool that can be used by pelagic ecologists to measure the
advection of migratory populations in regions exhibiting vertically sheared
currents, which is not possible with fixed-depth drifters. The VMD can be used
to guide the Lagrangian sampling of migratory plankton, an important consider-
ation in field studies that require sequential sampling of the same population over
time. Although the deployments illustrated here are of relatively short duration,
the advantages of this tracking approach will be most evident in longer term (2–3
week) studies of population dynamics, a time scale over which populations must
be sampled to estimate demographic parameters such as natural mortality rates.

As evidenced by its ability to oscillate around an isotherm as well as a pressure
surface, the VMD is capable of hovering around a selected value of any param-
eter that it is capable of sensing. The vehicle could be modified to test predictions
about zooplankton behavior by oscillating in response to environmental readings
from an ancillary sensor such as a light meter or a fluorometer. For example, in
vivo fluorescence recorded by the VMD could be used as a field test of the effect
of various types of one-dimensional (i.e. vertical) foraging models. The time-inte-
grated fluorescence experienced by a VMD that hovers in response to pressure
could be compared with one that hovers in response to fluorescence readings.
Future additions could also include optical or acoustic sensors that would enable
the instrument to respond directly to real-time measures of zooplankton abun-
dance.
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